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ADR

:   adverse drug reaction

APAP

:   acetaminophen

Arg1

:   arginase 1

Comt

:   catecholamine‐methyl transferase

CYP

:   cytochrome

DCF

:   diclofenac

DILI

:   drug‐induced liver injury

EV

:   extracellular vesicle

FDR

:   false discovery rate

GalN

:   galactatosamine

GOT

:   glutamic oxaloacetic transaminase

LPS

:   lipopolysaccharide

MTT

:   3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide

NTA

:   nanoparticle tracking analysis

PBS

:   phosphate‐buffered saline

and SEC

:   size‐exclusion chromatography

The liver is prone to xenobiotic‐induced injury because of its central role in drug metabolism and is generally crucial for most detoxification processes.[1](#hep41210-bib-0001){ref-type="ref"}) Drug‐induced liver injury (DILI) remains a major cause of worldwide mortality[2](#hep41210-bib-0002){ref-type="ref"}) and can lead to a wide variety of pathological conditions,[3](#hep41210-bib-0003){ref-type="ref"} acute hepatitis being the predominant form.[4](#hep41210-bib-0004){ref-type="ref"} The idiosyncratic nature and poor prognosis of DILI makes it a major safety issue during drug development,[5](#hep41210-bib-0005){ref-type="ref"} representing a serious clinical and financial problem. Indeed, adverse drug reactions (ADRs) are estimated to cost billions of dollars and result in tens of thousands of deaths.[6](#hep41210-bib-0006){ref-type="ref"} DILI is initiated by enzyme‐mediated bioactivation of drugs to chemically reactive metabolites, causing a damage that can culminate in cell death and possible liver failure.[5](#hep41210-bib-0005){ref-type="ref"} Cytochromes (CYPs) are a family of hemeproteins that are essential in the metabolism of drugs and other xenobiotics.[7](#hep41210-bib-0007){ref-type="ref"} CYPs are a major source of variability in drug pharmacokinetics and response[8](#hep41210-bib-0008){ref-type="ref"} and can be inhibited or induced by drugs, resulting in clinically significant drug--drug interactions that can cause unanticipated ADRs or therapeutic failures.[9](#hep41210-bib-0009){ref-type="ref"}

Our previous works demonstrated that hepatocyte‐secreted extracellular vesicles (EVs) carry cytochrome P450 2d1 (CYP2d1),[10](#hep41210-bib-0010){ref-type="ref"}, [11](#hep41210-bib-0011){ref-type="ref"} rat orthologous of human CYP2D6, which, although it accounts for only a small percentage of all hepatic CYPs (approximately 2%‐4%), plays a key role in the metabolism of drugs and other xenobiotics. In fact, it is involved in the metabolism of up to 25% of the clinically available drugs from virtually all therapeutic classes.[12](#hep41210-bib-0012){ref-type="ref"}, [13](#hep41210-bib-0013){ref-type="ref"} In the current work, we characterize EVs secreted by hepatocytes challenged with galactosamine (GalN) and two hepatotoxic models of DILI, such as acetaminophen (APAP)[14](#hep41210-bib-0014){ref-type="ref"}, [15](#hep41210-bib-0015){ref-type="ref"} or diclofenac (DCF).[14](#hep41210-bib-0014){ref-type="ref"}, [16](#hep41210-bib-0016){ref-type="ref"} The results show that the presence of CYP2d1 enzyme decreases in APAP‐treated hepatocytes and increases in EVs derived from GalN‐treated hepatocytes, and importantly, the enzyme is active in EVs.

Remarkably, the existing interindividual variability in the expression and activity of CYPs results in extensive differences among individuals in the metabolism of drugs.[17](#hep41210-bib-0017){ref-type="ref"} Given this variability, predicting the fate of a drug in a particular patient and the subsequent response remains a challenge and is far from being applied to routine clinical practice. Thus, our work opens the possibility to measure CYP activity in predicting DILI in a personalized way by measuring the activity in circulating EVs. In this way, an individual hepatic response could be estimated to determine drug optimal doses and avoid ADRs.

Materials and Methods {#hep41210-sec-0002}
=====================

See the extended version of experimental procedures in the Supporting Information.

Reagents {#hep41210-sec-0003}
--------

Diclofenac sodium, acetaminophen, D‐galactosamine hydrochloride, and lipopolysaccharide were acquired from Sigma‐Aldrich (St. Louis, MO).  

Animal Experimentation {#hep41210-sec-0004}
----------------------

Animal experimentation was conducted in accordance with the Spanish Guide for the Care and Use of Laboratory Animals (RD 1201/2005--BOE 21/10/05) and the protocols were approved by the CIC bioGUNE Ethical Review Committee (Ref. 14/901/000/6106) accredited by the AAALAC organization. Forty‐two male 14‐week‐old Wistar rats (body weight 300 g to 400 g) were maintained with standard diet (Rodent Maintenance Diet, Harlan Teklad Global Diet 2014) and water *ad libitum*. Ten rats were allocated to perform liver perfusion to obtain primary cultures of hepatocytes and their corresponding secreted EVs. Liver perfusion was performed by using the two‐step collagenase technique.[18](#hep41210-bib-0018){ref-type="ref"} The remaining 32 rats were randomly allocated to four experimental groups. The GalN group (n = 8) received an intraperitoneal injection of 1000 mg/kg/5 mL of D‐galactosamine hydrochloride dissolved in 0.9% NaCl, and 18 hours later blood samples were drawn from caudal artery. The APAP group (n = 8) received 600 mg/kg/5 mL orally using as vehicle 0.25% xanthan gum dissolved in 0.9% NaCl, and 18 hours later blood samples were drawn from caudal artery. The lipopolysaccharide (LPS)/DCF group (n = 8) received first an intravenous injection of LPS *E. coli* (58 × 10^6^ EU/kg/5 mL) and 2 hours later an intraperitoneal injection of DCF (20 mg/kg/5 mL). Blood samples were drawn from caudal artery 6 hours later. Finally, the control (mock) group (n = 8) was divided among four animals for intraperitoneal administration of 0.9% NaCl (5 mL/kg) and the other four for oral administration of 0.25% xanthan gum dissolved in 0.9% NaCl (5 mL/kg). Blood samples in the mock groups were drawn 18 hours after the treatment. No differences in any of the measured parameters were found between the two mock groups; consequently, they were treated as a single group. Blood samples were collected in serum separation tubes (Microtainer, Becton‐Dickinson), allowed to clot for 30 minutes at room temperature, and centrifuged for 5 minutes at 6000*g* at 4°C, according to the manufacturer\'s instructions. Serum was stored at −80°C until needed for the assays. An aliquot of 250 μL of serum from each animal was used to determine glutamic oxaloacetic transaminase (GOT) and Cyp2d1 activities.

Primary Rat Hepatocyte Culture and EV Isolation {#hep41210-sec-0005}
-----------------------------------------------

Hepatocytes were seeded in collagen‐coated 150‐mm dishes, at 15 million to 30 million cells per dish and cultured in complete Dulbecco\'s modified Eagle\'s medium (DMEM) for 4 hours at 37°C and 5% of CO~2~. They were washed twice with Dulbecco\'s modified phosphate‐buffered saline (PBS) and incubated for 36 hours in 25‐mM HEPES (4‐\[2‐hydroxyethyl\]‐1‐piperazine ethanesulfonic acid) containing complete DMEM. The medium was depleted of contaminating vesicles by overnight centrifugation at 110,000*g*.[19](#hep41210-bib-0019){ref-type="ref"} For drug treatments, the compounds were added to the vesicle‐depleted media to the final concentration of 10 mM APAP, 400 μM DCF, or 10 mM GalN. After 36 hours, cells and media were collected and processed for EV isolation. Briefly, the culture supernatant was centrifuged at 1500*g* for 10 minutes to remove lifted cells and cellular debris as well as large microvesicles/microparticles and apoptotic bodies. The resultant supernatant was subjected to filtration on 0.22‐μm pore filters (Filter System, Corning). Afterward the filtrate was centrifuged at 10,000*g* and 100,000*g* for 30 minutes and 60 minutes, respectively. The pellet was suspended in PBS and again centrifuged at 100,000*g* for 60 minutes. The final pellet of small EVs was suspended in 150 μL of PBS and stored at −80°C. Protein concentration was determined with Bradford Assay (Bio‐Rad Laboratories Inc.) using bovine serum albumin (BSA) as standard.

Cell Viability Analysis {#hep41210-sec-0006}
-----------------------

MTT assay was performed by using the reagent 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide. Briefly, primary rat hepatocytes were seeded in a 24‐well plate at a rate of 5 × 10^4^ cells/well and incubated with 0.5 ng/uL of MTT for 45 minutes at 37°C. The crystals were dissolved in DMSO + isopropanol and the absorbance was measured on a microplate reader at a wavelength of 570 nm. Cell viability of cell‐producing EVs was also measured with a benchtop‐automated cell counter (Countess, Life Technologies) by using trypan blue staining.

Nanoparticle Tracking Analysis {#hep41210-sec-0007}
------------------------------

Size distribution and concentration of EV preparations were determined by measuring the rate of Brownian motion using a NanoSight LM10 system (Malvern, United Kingdom). Nanoparticle tracking analysis (NTA) postacquisition settings were kept constant for all samples, and each video was analyzed to give the mean, mode, and median vesicle size and an estimate of the concentration.[20](#hep41210-bib-0020){ref-type="ref"}

Cryo‐electron Microscopy {#hep41210-sec-0008}
------------------------

EV preparations were directly adsorbed onto glow‐discharged holey carbon grids (QUANTIFOIL, Germany). Grids were blotted at 95% humidity and rapidly plunged into liquid ethane with the aid of VITROBOT (Maastricht Instruments BV, Netherlands). Vitrified samples were imaged at liquid nitrogen temperature using a JEM‐2200FS/CR transmission cryo‐electron microscope (JEOL, Japan) equipped with a field emission gun and operated at an acceleration voltage of 200 kV. In cryo‐electron microscope sessions, digital images were taken using a low‐dose technique by means of an ULTRASCAN 4000SP (4096 × 4096) cooled slow‐scan charged‐coupled device camera (GATAN). An in‐column energy filter (Omega Filter) was used to improve the signal‐to‐noise ratio of these images by zero‐loss filtering.

Proteomics Analysis {#hep41210-sec-0009}
-------------------

An equivalent volume of a solution containing 7 M urea/2 M thiourea/4% CHAPS (3‐\[(3‐cholamidopropyl)dimethylammonio\]‐1‐propanesulfonate)/100‐mM dithiothreitol was added to the EV samples for protein extraction and incubated under agitation for 30 minutes. The sample was vortexed for 30 seconds every 10 minutes of incubation. In‐solution digestion was carried out following filter‐aided sample‐preparation protocol with minor variations.[21](#hep41210-bib-0021){ref-type="ref"} Peptides were recovered from the filter units and subjected to ethyl acetate extraction following the protocol described by Yeung and Stanley.[22](#hep41210-bib-0022){ref-type="ref"} Samples were further desalted using stage‐tip C18 microcolumns (Zip‐tip, Millipore), and peptides were resuspended in 0.1% formic acid prior to mass spectrometry analysis. Peptide separation was performed on a nanoACQUITY UPLC system (Waters) connected to an LTQ Orbitrap XL mass spectrometer (Thermo Electron) or a Synapt G2 Si (Waters). Database searches were performed using Mascot search engine version 2.1 (Matrix Science) through Proteome Discoverer 1.4 (Thermo Electron). Spectra were searched against a *Rattus norvegicus* database obtained from Uniprot/Swissprot (version 2016_03). A decoy search was carried out to estimate the false discovery rate (FDR). Only peptides with an FDR of less than 1% were selected. Progenesis LC‐MS (version 4.0.4265.42984, Nonlinear Dynamics) was used for the label‐free differential protein expression. Proteins quantified with at least two different peptides identified with an FDR of less than 1% were kept for the differential analysis. Among these, those with a *t* test *P* value of less than 0.05 in any of the comparisons were considered as significantly deregulated.

Network Building and Annotation {#hep41210-sec-0010}
-------------------------------

Differentially expressed proteins (Supporting Table [S1](#hep41210-sup-0001){ref-type="supplementary-material"}) were loaded in the string App of Cytoscape v.3.6.0 software. Enrichment analyses were retrieved with stringApp for Biological Process, Cellular Component, Molecular Function categories, and KEGG pathways.

Western Blot Analysis {#hep41210-sec-0011}
---------------------

Cells (1 × 10^6^) were lysed for 15 minutes on ice in a lysis buffer (1% Triton X‐100, 300 mM NaCl, 50 mM Tris‐HCl, pH 7.4). The protein concentration of cell extract and EVs was determined by Bradford protein assay using BSA as standard. NuPAGE LDS Sample Buffer (Life Technologies Inc.) was added to the samples and incubated for 5 minutes at 37°C, 65°C, and 95°C, and separated on 4%‐12% precasted gels from Thermo Scientific Inc. All proteins were detected under nonreducing conditions.

CYP2d1 Activity Assay and GOT Transaminase Activity {#hep41210-sec-0012}
---------------------------------------------------

Luminescent assays that measure the activity of CYP P450 2D6 were used to determine the activity of its rat ortholog CYP P450 2d1 (Promega). GOT activity in serum was determined by using an automated analyzer (Selectra Junior Spinlab 100, Vital Scientific, Dieren, Netherlands; Spinreact, Girona, Spain) according to the manufacturers\' instructions.

Size‐Exclusion Chromatography Analysis of Rat Serum Samples {#hep41210-sec-0013}
-----------------------------------------------------------

Size‐exclusion chromatography (SEC) was performed by modifying an existing published protocol (Boing, 2014 \#54). Briefly, sepharose CL‐2B (Sigma‐Aldrich) was packed in a poly‐prep chromatography column (BioRad) with 2 mL of bed volume. A 250‐uL sample of serum was allowed to enter in the column and eluted with 2 mL of PBS, collecting fractions of 200 uL each. Cytochrome activity was assayed directly with 5 uL of each fraction. An aliquot of 180 uL of each fraction was ultracentrifuged at 100,000*g* for 75 minutes, and sediment was resuspended in 20 uL of PBS and analyzed by western blotting.

Results {#hep41210-sec-0014}
=======

EV Characterization {#hep41210-sec-0015}
-------------------

To study the effects of DILI on secretion and composition of small EVs, we treated primary rat hepatocytes with drugs known to cause DILI, including APAP and DCF, and compared them with a well‐characterized drug used as a model of hepatic damage, GalN. We evaluated the viability of the hepatocytes directly by trypan‐blue extrusion assay after 36 hours of treatment with 10 mM, 0.4 mM, and 10 mM of APAP, DCF, and GalN, respectively. We performed 10 independent biological replicates, and although this method indicated that APAP produces a reduction of 15% in the viability of the hepatocytes (Fig. [1](#hep41210-fig-0001){ref-type="fig"}A) by MTT assays, all of the treatments showed a significant cellular toxicity (Fig. [1](#hep41210-fig-0001){ref-type="fig"}B). Next, we examined the amount of small EVs secreted by these hepatocytes by collecting the tissue culture media, removing lifted and cell debris at 1000*g* and isolating EVs by filtration through 0.22 μm followed by differential ultracentrifugation at 10000*g* and 100000*g*. The isolated material was characterized by NTA and protein measurement using the Bradford assay. The NTA revealed that all treatments significantly affect the number of secreted particles. This number increased an average of 4.5‐, 3.8‐, and 3.5‐fold in APAP‐, GalN‐, and DCF‐treated hepatocytes, respectively, in comparison to untreated cells (Fig. [2](#hep41210-fig-0002){ref-type="fig"}A). The increased secretion levels of particles caused by the treatments were also supported by determining total protein amount (Fig. [2](#hep41210-fig-0002){ref-type="fig"}B), which correlated with the NTA measurements. These data together indicate that under our conditions, APAP produced the highest increase in the secretion, followed by DCF and GalN. Next, we evaluated the effect of the treatments on the morphology and size distribution of the particles. Cryo‐electron microscopy revealed the presence of membrane vesicles in all cases (Fig. [3](#hep41210-fig-0003){ref-type="fig"}A), although a high heterogeneity of vesicles was observed in all of the preparations in terms of size and shape. In many cases, it was possible to observe vesicles inside the vesicles (Fig. [3](#hep41210-fig-0003){ref-type="fig"}A). In the case of DCF‐treated hepatocytes, in addition to rounded vesicles, the presence of a higher amount of amorphous nonvesicular material was observed in comparison with the other conditions (Fig. [3](#hep41210-fig-0003){ref-type="fig"}A). Regarding the size distribution, NTA of EVs obtained from untreated hepatocytes showed two main populations ranging between 110 nm and 180 nm (Fig. [3](#hep41210-fig-0003){ref-type="fig"}B). Interestingly, the size distribution of the particles was modified by all treatments (Fig. [3](#hep41210-fig-0003){ref-type="fig"}B). In the case of GalN and DCF treatments, the profiles showed these two main vesicle populations, although they were less pronounced compared with untreated hepatocytes. In contrast, in APAP treatment there was a clear main‐population average size of 130 nm (Fig. [3](#hep41210-fig-0003){ref-type="fig"}B). Overall, these analyses revealed that DILI conditions increase secretion of vesicles that also alter their size distribution.

![Cellular viability analysis of rat hepatocytes exposed to liver‐damaging drugs. (A) Cell viability of primary rat hepatocytes was evaluated by trypan‐blue exclusion method after culture for 36 hours in the presence of APAP (10 mM), GalN (10 mM), or DCF (0.4 mM). Error bars represent standard error of 10 biological replicates (n = 10) for each condition. \*\**P* \< 0.01. (B) Cell toxicity of primary rat hepatocytes was evaluated by MTT assay after culture for 36 hours in the presence of APAP (10 mM), GalN (10 mM), or DCF (0.4 mM). Error bars represent SD of two independent experiments done in triplicate for each condition.](HEP4-2-1064-g001){#hep41210-fig-0001}

![Drug effects on hepatocytes\' EV secretion. (A) Total number of secreted particles was estimated by means of NTA. (B) Total protein amount contained in EV preparation was determined by Bradford assay. Error bars represent SD of 10 biological replicates (n = 10) for each condition. \*\**P*\< 0.01.](HEP4-2-1064-g002){#hep41210-fig-0002}

![Effects on morphology and size distribution of EVs secreted by hepatocytes exposed to the drugs. Representative cryo‐electron micrographs (A) and size distribution (B) determined by NTA of EV preparations secreted by hepatocytes challenged by the indicated compounds. *Bar*: 100 nm. Size distribution shows the analysis of 10 biological replicates (n = 10) for each condition.](HEP4-2-1064-g003){#hep41210-fig-0003}

Proteomics Analysis {#hep41210-sec-0016}
-------------------

The proteins listed in Supporting Table [S1](#hep41210-sup-0001){ref-type="supplementary-material"} include those whose abundance have changed significantly between EVs derived from treated and untreated hepatocytes. Interestingly, there is a central core of 22 proteins that changes in the same direction for all of the treatments (Fig. [4](#hep41210-fig-0004){ref-type="fig"}). To interpret those changes, we add to that list those proteins that are significantly regulated in at least two treatments and maintain the same direction for all three treatments (Fig. [5](#hep41210-fig-0005){ref-type="fig"}). EV‐regulated proteins revealed a decrease in the levels of proteins that control cytoskeleton and the interaction with the extracellular matrix, including fibronectin, fibrinogens, integrin 1b and integrin‐linked kinase, Cd81, angiopoietin‐like 4, and Ras‐related protein Rap1a (Fig. [5](#hep41210-fig-0005){ref-type="fig"} and Supporting Table [S1](#hep41210-sup-0001){ref-type="supplementary-material"}). These proteins have been involved in the apoptosis survival response of cells under stressful conditions. An increase in the translational machinery and stress‐related chaperones, including Hsp90 and Hpsa5, was also observed (Fig. [5](#hep41210-fig-0005){ref-type="fig"} and Supporting Table [S1](#hep41210-sup-0001){ref-type="supplementary-material"}).

![Venn diagram of EV proteomics analysis. Comparison of the proteins regulated for each treatment with respect to the proteomics analysis of EVs obtained from untreated hepatocytes.](HEP4-2-1064-g004){#hep41210-fig-0004}

![Annotated network of common molecules regulated by hepatotoxic treatments. The network included all of those molecules found significantly regulated for all three treatments, plus those molecules found to be significantly regulated in two treatments and regulated with the same trend for the other treatment. Red and blue colors denote, respectively, an increase or decrease in the amount of each protein in EVs secreted by drug‐treated hepatocytes, in comparison to untreated cells. Abbreviations: Ahcy, S‐adenosylhomocysteine hydrolase; Angptl4, angiopoietin‐like 4; Asgp, L‐asparaginase; Ass1, argininosuccinate synthase 1; Bhmt2, betaine‐homocysteine S‐methyltransferase 2; Bsg, basigin; Cbs, cystathionine‐beta‐synthase; Copb1, beta‐subunit of coatomer; Fga, Fgb, Fgg, fibrinogens; Fn1, fibronectin; Itgb1, integrin 1b; Ilk, integrin‐linked kinase; Mat1a, S‐adenosyl‐methyl transferase; Rap1a, Ras‐related protein.](HEP4-2-1064-g005){#hep41210-fig-0005}

We also observed a common response ejected by stressed hepatocytes on the metabolism of different amino acids that regulate several biological processes. One of these altered metabolisms is the methionine cycle, which is the main system to generate methyl donors, and consequently, a major modulator of protein methylation and epigenetic. Thus, we observed an increase in many enzymes of this route, including betaine‐homocysteine S‐methyltransferase 2, S‐adenosyl‐methyl transferase, S‐adenosylhomocysteine hydrolase, and cystathionine‐beta‐synthase (Fig. [5](#hep41210-fig-0005){ref-type="fig"} and Supporting Table [S1](#hep41210-sup-0001){ref-type="supplementary-material"}). In addition, alteration of the metabolism of arginine was also observed, as judged by the increased levels of the enzymes argininosuccinate synthase 1 and arginase 1 (Arg1) (Fig. [5](#hep41210-fig-0005){ref-type="fig"} and Supporting Table [S1](#hep41210-sup-0001){ref-type="supplementary-material"}), previously shown to be active in EVs and associated with endothelial regulation.[23](#hep41210-bib-0023){ref-type="ref"} Asparagine and aspartate metabolism involved cellular proliferation[24](#hep41210-bib-0024){ref-type="ref"} was also affected by all treatments, as suggested by the increased levels of L‐asparaginase (also known as 60 kDa lysophospholipase, LPP60) (Fig. [5](#hep41210-fig-0005){ref-type="fig"} and Supporting Table [S1](#hep41210-sup-0001){ref-type="supplementary-material"}) responsible for the conversion of asparagine to aspartate. In addition, a common feature to all treatments related to amino acid metabolism was the increased level of the enzyme catecholamine methyl transferase (Comt) (Fig. [5](#hep41210-fig-0005){ref-type="fig"} and Supporting Table [S1](#hep41210-sup-0001){ref-type="supplementary-material"}), which is involved in the metabolization of tyrosine‐derived stress hormones (e.g., epinephrine) and shown to be active in EVs.[25](#hep41210-bib-0025){ref-type="ref"}

Another common feature detected by our proteomics analysis was a decrease in the EV levels of some transporters (i.e., Atp1a, Slc2a2, Slc22a7, and Slco1a2) and their intracellular regulators (basigin and beta‐subunit of coatomer) (Fig. [5](#hep41210-fig-0005){ref-type="fig"} and Supporting Table [S1](#hep41210-sup-0001){ref-type="supplementary-material"}) involved in the regulation of glucose, prostaglandin, and bile acid metabolisms.

Finally, several enzymes involved in endogenous and xenobiotic metabolism were downregulated (e.g., cytochromes Cyp3a2 and Cyp2d3) or upregulated (e.g., sulfotransferases Sult2a1, Sult1c2a, and Sult1c3) (Fig. [5](#hep41210-fig-0005){ref-type="fig"} and Supporting Table [S1](#hep41210-sup-0001){ref-type="supplementary-material"}) independently of the treatment.

Afterward, to identify some specific response of hepatocytes against the different treatments, we focused on the molecules that differ among treatments (Fig. [6](#hep41210-fig-0006){ref-type="fig"}). We observed an increase in proteins related to translation in the three treatments, although each of them affected a different set of involved molecules, providing specificity to the response. A similar situation was observed for the proteins related to drug response. DCF and GalN caused an increase in CYP‐related molecules, whereas APAP caused an increase in the EV levels of glutathione transferases. Unlike the other treatments, in the case of GalN, the changes observed with respect to control were due to the abundance of almost all proteins (only three were underrepresented among the 62 proteins) (Fig. [6](#hep41210-fig-0006){ref-type="fig"}). If we also consider that these proteins are associated with peroxisomes, endoplasmic reticulum, nucleus, and mitochondria, these result suggest that preparations of EV produced from GalN‐treated hepatocytes contain more vesicles associated with apoptotic processes.

![Annotated network of regulated molecules specific for each treatment. The network included for each treatment, all those molecules found to be significant only for that treatment, those molecules found to be significantly regulated in just another treatment, and the direction of regulation are not congruent among the three treatments.](HEP4-2-1064-g006){#hep41210-fig-0006}

Together, all of these alterations observed in EVs suggest the existence of a common, although differently tuned, stress response of the hepatocytes to the different hepatotoxic conditions. This response is aimed at controlling apoptosis, proliferation, protein translation, methylation, and metabolism of different nutrients, hormones, and signaling molecules.

Proteomic Validation and EV Characterization by Western Blot {#hep41210-sec-0017}
------------------------------------------------------------

We performed a western blot analysis, loading similar protein amounts of cell extracts and EVs, and focused on the detection of several proteins previously associated with EVs, including Cd63, Limp II, Flot1, Hsp70, Hsp90, Rab8, Ces1d, Comt, and Cyp2d1. We observed a positive agreement between the proteomics data and the western blotting (Fig. [7](#hep41210-fig-0007){ref-type="fig"}). For instance, Hsp90 and Comt were increased by all treatments, Ces1d primarily in GalN and DCF, and Cyp2d1 increased in GalN and decreased in APAP. Interestingly, EV markers Cd63, LimpII, and Flot1 suffered a decrease in addition to the decrease of Cd81 observed in the proteomics analysis. Regarding the cellular levels, the amount of Cd63, Limp II, and Hsp70 decreased in all treatments. The intracellular levels of Ces1d increased in the GalN and DCF treatments, and the levels of Flot‐1 and Comt increased only in the GalN‐treated hepatocytes (Fig. [7](#hep41210-fig-0007){ref-type="fig"}). Importantly, APAP treatment caused a drastic reduction in the cellular levels of most of the assayed proteins, suggesting that under these conditions, this drug provokes the most severe effects. Interestingly, the only protein that increased in the hepatocytes exposed to APAP was the mitochondria marker Cox4 (Fig. [7](#hep41210-fig-0007){ref-type="fig"}), in agreement with the proposed mechanism of APAP toxicity that implies mitochondria dysfunction.[18](#hep41210-bib-0018){ref-type="ref"}

![Effect on protein content of EVs secreted by exposed hepatocytes. Representative western‐blot analysis of primary rat hepatocyte exposure to the drugs and their corresponding secreted EVs. Protein extracts (10 ug) were analyzed by western blotting using antibodies against the indicated proteins. Molecular weights are indicated in kDa.](HEP4-2-1064-g007){#hep41210-fig-0007}

EVs Harbor Active Cyp2d1 {#hep41210-sec-0018}
------------------------

We wanted to confirm that cytochromes were present in EVs, taking advantage of one of the hallmarks of EVs, as vesicular carriers is their flotation in sucrose‐density gradients. We performed a sucrose‐density gradient (Fig. [8](#hep41210-fig-0008){ref-type="fig"}), and as can be observed, the exosomal protein markers (e.g., Aip1/Alix, Cd63, and Cd81) were enriched in vesicles floating at a density of approximately 1.21 g/mL. Remarkably, Cyp2d1 was highly enriched in the same fraction, strongly suggesting that this enzyme was associated with extracellular vesicles. We have demonstrated in hepatocyte‐secreted EVs the presence of not only the protein but also the activity for the Arg1, Ces1d, and Comt enzymes.[11](#hep41210-bib-0011){ref-type="ref"}, [23](#hep41210-bib-0023){ref-type="ref"}, [25](#hep41210-bib-0025){ref-type="ref"} Here, we addressed the question of whether the Cyp2d1 enzyme, detected in EVs, is active. For this purpose, we used a commercial enzymatic assay that is available for CYP2D6, the human orthologous of the rat Cyp2d1. We were able to detect the activity in EVs from untreated and treated hepatocytes (Fig. [9](#hep41210-fig-0009){ref-type="fig"}), and the activity correlated with the protein abundance observed by western blotting, which was significantly higher in EVs from GalN‐treated hepatocytes (Fig. [7](#hep41210-fig-0007){ref-type="fig"}).

![Sucrose‐density analysis of EVs secreted by hepatocytes. Based on their density, EVs were separated by ultracentrifugation in a density gradient of sucrose. Afterward, the fractions were analyzed by western blotting using antibodies against the indicated proteins.](HEP4-2-1064-g008){#hep41210-fig-0008}

![Cytochrome P450 2d1 activity associated with hepatocyte‐derived EVs exposed to the drugs. The activity of P450 2d1 was measured using a commercial fluorometric assay available for the CYP P450 2D6 (the human orthologous of the rat CYP P450 2d1). The activity expressed as an arbitrary unit was corrected by protein concentration. Error bars represent the standard error of three independent biological replicates (n = 3). \*\**P*\< 0.01.](HEP4-2-1064-g009){#hep41210-fig-0009}

*Circulating CYP Activity Increases After* *Liver Damage* {#hep41210-sec-0019}
---------------------------------------------------------

Finally, we wanted to evaluate whether these *in vitro* findings are reflected *in vivo* by analyzing the presence of this activity in the serum of rats treated with APAP, LPS/DCF, or GalN. We used eight male rats for each treatment, and after the administration of the compounds, blood samples were drawn for determining transaminase GOT and Cyp2d1 activities (Fig. [10](#hep41210-fig-0010){ref-type="fig"}). Interestingly, there was already a detectable level of CYP activity in 5 µL of serum from mock‐treated rats (Fig. [10](#hep41210-fig-0010){ref-type="fig"}B), suggesting that under healthy conditions, a detectable amount of this enzyme is in circulation. In agreement with the results of EV characterization, animals treated with GalN showed 100 times more activity in serum than the rats receiving other treatments or the mock. All treatments showed higher serum levels of Cyp2d1 activity than the mock group and followed a similar trend as the serum levels of GOT transaminase (Fig. [10](#hep41210-fig-0010){ref-type="fig"}A), strongly indicating that serum Cyp2d1 activity could indicate liver damage, offering higher specificity than transaminase alone.

![Serum levels of GOT and CYP activities in rats treated with different hepatotoxic compounds. Box plots of the transaminase GOT (A) and CYP P450 2d1 (B) activities were determined in serum of mock‐treated rats or those treated with APAP, LPS/DCF, or GalN. Activities were referred to the average activity obtained in mock group. Each experimental group was formed by eight animals (n = 8). *P* values of *t* test analysis are indicated.](HEP4-2-1064-g010){#hep41210-fig-0010}

We further investigated whether the Cyp2d1 activity detected in serum was associated with vesicles by performing SEC on 200 µL of serum from rats treated with vehicle, APAP, or GalN (Fig. [11](#hep41210-fig-0011){ref-type="fig"}). In agreement with the direct serum measurements of Cyp2d1, we detected activity in serum from control rats that was higher in APAP‐treated rats and much higher in GalN‐treated rats (Fig. [11](#hep41210-fig-0011){ref-type="fig"}A). In all cases, most of the activity was in the first three fractions of the SEC (Fig. [11](#hep41210-fig-0011){ref-type="fig"}A), supporting that serum Cyp2d1 activity is associated with vesicular material.[26](#hep41210-bib-0026){ref-type="ref"}, [27](#hep41210-bib-0027){ref-type="ref"} Then, we concentrated each fraction to perform western blot analysis of Cyp2d1, Cd63 (as EV marker), and albumin (as soluble protein) (Fig. [11](#hep41210-fig-0011){ref-type="fig"}B). Although we could not detect Cd63 in control samples, we could detect it in the first fractions of the APAP and GalN samples. Albumin was clearly detected in control and, at least to some extent, in the APAP and GalN samples (Fig. [11](#hep41210-fig-0011){ref-type="fig"}B) and was mostly associated with the late fractions. Finally, we could only detect the protein Cyp2d1 in the GalN samples, and it was mostly associated with the early fractions, in agreement with the profile obtained for the activity (Fig. [11](#hep41210-fig-0011){ref-type="fig"}A). Thus, western blotting indicates that soluble proteins are associated with late eluting fractions in the SEC and confirms the presence of the EV marker in the first fractions in which we detected Cyp2d1 protein and activity. However, it could also be appreciated that the distribution of Cd63 does not match perfectly with Cyp2d1 activity in APAP samples, or activity and protein in GalN samples, suggesting that Cyp2d1‐carrying vesicles have a low abundance of this tetraspanin.

![SEC analysis of rat serum samples. (A) CYP P450 2d1 activity was determined in each fraction of the SEC performed with 200 µL of serum from rats treated with the indicated compounds. (B) Western blot analysis of albumin (Alb), Cd63, and Cyp2d1 proteins was performed by loading the same volume of each fraction after concentration.](HEP4-2-1064-g011){#hep41210-fig-0011}

Discussion {#hep41210-sec-0020}
==========

The study of EVs as mediators of different biological processes and disease biomarkers has evolved rapidly in the last years. We have previously characterized small EVs secreted by hepatocytes exposed to GalN, a compound that causes acute liver injury. In the present work, we extended the study to the characterization of EVs secreted by hepatocytes exposed to APAP and DCF, two pharmaceutical compounds known to cause DILI. Our results show that all of these compounds modified the number, size distribution, and composition of the secreted EVs. A previous study did not report changes in the number of secreted EVs,[28](#hep41210-bib-0028){ref-type="ref"} but it is important to highlight the differences in their timing (i.e., they collected the medium after 24 hours versus our 36‐hour incubation) and the differences in the isolation technique (the referred study used Exoquick). Our proteomic analysis showed a group of common proteins that are regulated in the same direction for all treatments. There is an increase in the number of molecules related to transcription, and part of the nitrogen carbon metabolic machinery, whereas a decrease in molecules regulates apoptosis and proliferation. This is in agreement with the observation that EVs derived from untreated hepatocytes had a positive effect on proliferation and survival,[29](#hep41210-bib-0029){ref-type="ref"} whereas hepatocytes treated with toxins increase immune‐mediated responses in DILI,[28](#hep41210-bib-0028){ref-type="ref"} perhaps mediated by the presence of apoptotic bodies and massive export of liver proteins. Other important phenomena are the secretion of active enzymes, including Arg1[23](#hep41210-bib-0023){ref-type="ref"} and Comt,[25](#hep41210-bib-0025){ref-type="ref"} which suggests that circulating EVs after liver damage will have an effect on the surrounding environment and therefore be part of the pathogenesis of DILI.

We also observed key differences among treatments. GalN promotes an increase in most regulated proteins. There are some upregulated CYPs, as well as molecules of intracellular organelles, that indicate that the contribution of apoptosis to the EVs could be more important, and this is in agreement with the involvement of caspase 3 in GalN toxicity.[30](#hep41210-bib-0030){ref-type="ref"} However, APAP toxicity is activated by the action of CYPs,[31](#hep41210-bib-0031){ref-type="ref"} which generate a reactive metabolite responsible for oxidative stress, leading to mitochondrial misfunction, depletion of ATP, activation of the stress kinase c‐Jun N‐terminal, and permeability of the membranes leading to necrosis.[32](#hep41210-bib-0032){ref-type="ref"} We observed a decrease in cytochromes and an increase in glutathione‐transferase enzymes in APAP‐induced EVs. Although cytochromes are part of the activation of APAP in a reactive adduct, glutathione will be used in the conjugation of the toxic metabolite.[33](#hep41210-bib-0033){ref-type="ref"} Therefore, the changes in the EVs that are induced by APAP treatment reflect the processes that the cell undergoes for drug neutralization, and we could expect an effect of those EVs loaded with active metabolic tools when delivering their cargo inside the recipient cells. DCF is the treatment that induces fewer changes, which could be in agreement with the fact that the toxicity of this anti‐inflammatory drug also requires the concourse of the immune system,[34](#hep41210-bib-0034){ref-type="ref"} which is absent in our *in vitro* model. However, the potential toxicity of some of the drug\'s adducts has also been described,[35](#hep41210-bib-0035){ref-type="ref"} and consequently, we have observed changes in the EVs that suggest cellular damage, particularly the presence of CYPs presumably involved in the metabolism of the drug,[36](#hep41210-bib-0036){ref-type="ref"} and more importantly, the presence of proteins related to the mechanism of translation as well as ribosomal proteins, whose presence in EVs suggests an increase in apoptotic bodies.[37](#hep41210-bib-0037){ref-type="ref"}

Remarkably, we found that the hepatotoxic conditions affected a number of chaperones, including Hsp70 and Hsp90, which were increased in hepatic EVs secreted in APAP, GalN, and DCF treatments; such secretion was accompanied by an intracellular decrease in most of these proteins. This suggests a selective transport of them outside the cell under acute liver injury and probably a reduction in the synthesis in the case of APAP. Given that there is an increase in the total protein cargo secreted under the treatments (Fig. [2](#hep41210-fig-0002){ref-type="fig"}B), Hsp70 and Hsp90 might be secreted in a major extent to preserve the folding of this extra protein cargo, and in the case of Hsp90, its presence in EVs has been shown to play a key role in alcoholic liver diseases.[38](#hep41210-bib-0038){ref-type="ref"} In contrast, the expression of Rab8 protein behaves in a similar way to Hsp70/Hsp90; we observed an increased level in the secretion of Rab8. This small GTPase is involved in vesicular trafficking,[39](#hep41210-bib-0039){ref-type="ref"} suggesting that the cellular response to APAP, GalN, and DCF implicates changes in the vesicular trafficking system mediated by Rab8. This effect of the drugs on the intracellular trafficking is also supported by the alteration of the levels of Limp II, which plays a role in the endo‐lysosomal trafficking,[40](#hep41210-bib-0040){ref-type="ref"}, [41](#hep41210-bib-0041){ref-type="ref"} and of the tetraspanin Cd63, an endosomal marker implicated in EV biogenesis and immune response.[42](#hep41210-bib-0042){ref-type="ref"}, [43](#hep41210-bib-0043){ref-type="ref"} For both proteins, we observed a reduction in their intracellular levels, as well as in EVs. Moreover, Flot1 and Cd81 also decrease in EVs secreted by drug‐treated hepatocytes. All of these data reinforce the hypothesis that APAP, DCF, and GalN provoke changes in the intracellular trafficking, and consequently, in EV secretion and composition.

Importantly, the different compounds acted differentially to the abundance of EVs of different xenobiotic‐related enzymes, including Ces1d and Comt. We have shown that these enzymes are active in EVs.[11](#hep41210-bib-0011){ref-type="ref"}, [25](#hep41210-bib-0025){ref-type="ref"} Here, we demonstrated that another xenobiotic‐related activity, Cyp2d1, is also active in hepatocyte‐secreted EVs and, as occurs with the previous enzymes, pharmaceutical compounds altered its abundance in EVs. In this sense, GalN, APAP, and DCF affected CYPs in different ways. GalN hepatotoxicity was analyzed in a study in which rat hepatocytes were treated with this compound, resulting in a significant increase in the specific activity of CYPs.[44](#hep41210-bib-0044){ref-type="ref"} In the case of APAP, CYPs mediate its activation to toxic metabolites, inducing hepatotoxicity. Indeed, a strong relationship between the activity of CYPs and the severity of APAP‐induced cirrhosis has been demonstrated.[45](#hep41210-bib-0045){ref-type="ref"} The decrease in certain CYPs after APAP treatment has been observed, mediated by miRNAs,[46](#hep41210-bib-0046){ref-type="ref"} and we certainly observed the reduction of several CYPs in the APAP‐treated hepatocyte‐derived EVs. Finally, CYPs are also involved in the bioactivation of DCF to its reactive metabolites.[47](#hep41210-bib-0047){ref-type="ref"} Overall, the presence in EVs of Ces1d, Comt, and Cyp2d1 activities suggests a possible contribution of hepatocyte‐secreted vesicles to the extracellular metabolism of different drugs. For example, CPT‐11, a drug currently used for the treatment of different types of cancers, such as colon or rectum, is converted by Ces1d to its active metabolite.[48](#hep41210-bib-0048){ref-type="ref"} Comt enzyme metabolizes cathecholamines, such as dopamine or norepinephrine neurotransmitters, which are used as antidepressants or in the treatment of Parkinson\'s disease, among others.[49](#hep41210-bib-0049){ref-type="ref"}, [50](#hep41210-bib-0050){ref-type="ref"} In the case of Cyp2d1, it is involved in the oxidation of about 25% of clinically relevant drugs, including the morphine precursor codeine.[51](#hep41210-bib-0051){ref-type="ref"}, [52](#hep41210-bib-0052){ref-type="ref"} Overall, all of these enzymatic activities play an important role in well‐known drugs\' metabolisms; therefore, their presence in circulating EVs should be taken into consideration in further studies to avoid undesired adverse drug reactions.

At this time, most of the existing techniques analyze EVs as a whole, and consequently, it is difficult to establish the identity of the EVs that carry Cyp2d1. According to the sucrose density gradient analysis (Fig. [8](#hep41210-fig-0008){ref-type="fig"}), Cyp2d1 is associated with vesicles that contain CD63 or co‐fraction with CD63‐positive EVs. However, under hepatotoxic conditions (Figs. [2](#hep41210-fig-0002){ref-type="fig"} and [11](#hep41210-fig-0011){ref-type="fig"}), it appears that Cyp2d1 is associated with EVs that contain no or a low amount of CD63, suggesting that vesicular location of Cyp2d1 is sensitive to drug toxicity. Further experiments are needed to clearly establish the identity of Cyp2d1‐loaded EVs.

Our work clearly supports the study of EVs under controlled conditions being a suitable approach to identifying low‐invasive candidate markers for liver affections including DILI. Our data show a pattern similar to that reported by Cho et al.,[53](#hep41210-bib-0053){ref-type="ref"} who concluded that APAP‐induced liver injury increases the abundance of liver‐specific proteins in EVs. Here, we also showed that not only APAP but also DCF change differentially the content of the EVs with specific molecules that could serve to differentiate the etiology of liver injury. Finally, we demonstrated that Cyp2d1 activity is present in hepatocyte‐secreted EVs as well as in rat serum after treatment with APAP and DCF. It is important to clarify that the decrease observed in CYP activity in EVs derived of hepatocytes treated with APAP is a decrease versus untreated hepatocytes, which in any case reflects the status of the serum of untreated rats. EVs from untreated hepatocytes reflect the hepatocyte disaggregation and could also be considered a model of liver damage. Therefore, it is not surprising that, *in vivo*, rats treated with APAP display still higher amounts of CYP activity than untreated rats. This hepatocyte‐specific enzyme could constitute a novel candidate marker to specifically detect and follow DILI.
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